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Abstract

Objectives: Per- and polyfluoroalkyl substances (PFAS) are man-made chemicals that

are widely used in various products. PFAS are characterized by their fluorinated

carbon chains that make them hard to degrade and bioaccumulate in human and

animals. Toxicological studies have shown PFAS toxic effects: cytotoxicity, immuno-

toxicity, neurotoxicity, and reproductive toxicity. However, it is still unclear how the

structures of PFAS, such as carbon-chain length and functional groups, determine

their reproductive toxicity.

Methods and Results: By using a mouse-oocyte-in-vitro-maturation (IVM) system,

we found the toxicity of two major categories of PFAS, perfluoroalkyl carboxylic acid

(PFCA) and perfluoroalkyl sulfonic acid (PFSA), is elevated with increasing carbon-

chain length and the inclusion of the sulfonate group. Specifically, at 600 μM, per-

fluorohexanesulfonic acid (PFHxS) and perfluorooctanesulfonic acid (PFOS) reduced

the rates of both germinal-vesicle breakdown (GVBD) and polar-body extrusion

(PBE) as well as enlarged polar bodies. However, the shorter PFSA, perfluorobutane-

sulfonic acid (PFBS), and all PFCA did not show similar adverse cytotoxicity. Further,

we found that 600 μM PFHxS and PFOS exposure induced excess reactive oxygen

species (ROS) and decreased mitochondrial membrane potential (MMP). Cytoskele-

ton analysis revealed that PFHxS and PFOS exposure induced chromosome misalign-

ment, abnormal F-actin organization, elongated spindle formation, and symmetric

division in the treated oocytes. These meiotic defects compromised oocyte develop-

mental competence after parthenogenetic activation.

Conclusions: Our study provides new information on the structure-toxicity relation-

ship of PFAS.

1 | INTRODUCTION

Since the start of their production in the 1940s, per- and polyfluor-

oalkyl substances (PFAS) have been employed as surfactants and

polymers1 in various industry branches including aerospace, biotech-

nology, and mining.2 Carbon-fluorine bonds in PFAS make them

extremely stable and resistant to degradation.3 Such properties, on

the other hand, cause PFAS to accumulate in animal bodies as
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persistent organic pollutants.4 Human are regularly exposed to PFAS

through inhalation, dermal exposure, food, and drinking water.5 Two

subcategories of PFAS (Table 1), perfluoroalkyl carboxylic acids

(PFCA) and perfluoroalkyl sulfonic acids (PFSA) have drawn great

attention in recent years due to their demonstrated neurotoxicity,6,7

developmental toxicity,8 immunotoxicity,9 hepatotoxicity,10 and espe-

cially reproductive toxicity.11,12 Unfortunately, both PFCA and PFSA

have been detected in humans. For instance, one of the PFSA, per-

fluorooctanesulfonic acid (PFOS), has a median serum concentration

as high as 12.70 ng/ml.13 In terms of female reproductive toxicity,

PFCA and PFSA have been shown to be able to pass through the

blood-follicle barrier and can be detected in follicular fluid.14 Clinical

evidence shows that PFCA and PFSA are associated with a late age at

menarche, irregular menstrual cyclicity, and early menopause.14

In vitro studies have demonstrated the direct cytotoxicity of PFCA

and PFSA on mouse oocyte maturation. Oocyte maturation releases

oocytes from dictyate arrest and prepares them for fertilization. Dra-

matic morphological changes occur during this process, including ger-

minal vesicle breakdown (GVBD) and polar-body extrusion (PBE).

Various epigenetic regulations are known to be involved in oocyte

maturation, including histone acetylation, phosphorylation, and

SUMOylation.15 The breakdown of nuclear envelop, GVBD, exposes

the chromosomes to many environmental toxicants, such as iodoace-

tic acid,16 PM10
17 and several PFAS chemicals.18–21 Iodoacetic acid,

for example, has been shown to induce DNA damage and cause chro-

mosome misalignment at the metaphase I stage.16 PFOS exposure has

also been shown to alter histone methylation levels with increased

H3K4me3 and decreased H3K9me319 and, furthermore, modulate

maternal-to-zygotic transition.22,23 Mitochondria also play important

roles during oocyte maturation because large amounts of ATP are

required for continuous transcription and translation.24 Mitochondrial

DNA (mtDNA) in oocytes can encode various functional proteins

including ATP synthase, cytochrome oxidase, NADH, and pan-reduc-

tase. Therefore, mitochondrial dysfunction caused by PFAS can result

in excess ROS generation, dissipation of the mitochondrial membrane

potential, and early apoptosis. These mitochondria-related problems

have been found in oocytes18,19 and other cell types.25–27

Recently, the cytotoxicity of individual long-chain PFAS on mouse

oocytes has been widely studied. However, the data on the cytotoxic-

ity of short-chain PFAS, such as PFBA and PFBS, are still missing.

Furthermore, various experimental conditions in different studies

make it hard to distill the data. In the present study, we used a

mouse-oocyte-in-vitro-maturation model to systematically compare

the toxicity of six PFAS and to elucidate which factors determine the

toxicity of PFAS on oocyte maturation. We found that PFSA is more

toxic than PFCA, and that toxicity is positively correlated to carbon-

chain length. Interestingly, by calculating the size ratio between the

first polar body (PB) and the oocyte, we noticed large PBs occurred in

the PFSA group, but not in the PFCA group. To study how 600 μM

PFHxS and PFOS disrupted meiosis, we analysed the mitochondrial

functions and cytoskeleton structures of mouse oocytes. We found a

significant increase in ROS levels, chromosome misalignment, and fre-

quency of abnormally elongated spindles in PFHxS/PFOS-treated

oocytes compared to the untreated controls. Moreover, the mito-

chondrial membrane potential decreased in treated oocytes compared

to untreated controls. We also demonstrated that aberrant F-actin

distribution can cause the large PB phenotype observed in the PFHxS

and PFOS treated groups. These energy- and cytoskeleton-related

problems may finally compromise oocyte developmental competence

following parthenogenetic activation. Collectively, our data provide

new evidence for the structure-toxicity relationship of PFAS.

2 | METHODS AND MATERIALS

2.1 | Chemicals

All PFAS chemicals listed in Table 1 are from Synquest Laboratories

(Alachua, FL, USA). Dimethyl sulfoxide (DMSO) was sourced from

Avantor (Allentown, PA, USA). All other chemicals were purchased

from Sigma-Aldrich (St. Louis, MO, USA).

2.2 | Animals

In this study, we used two mouse strains, CD-1 (Charles River Labora-

tories, Wilmington, MA) and CF-1 (Envigo, Indianapolis, Indiana) to

confirm our results. They are housed in the Animal Care Facility at the

University of Illinois Urbana-Champaign (UIUC) and the University of

Missouri-Columbia, respectively. Mice were housed under 12 h

TABLE 1 PFAS chemicals used in
this study

PFAS Full name Structure Categories #Carbon

PFBA Perfluorobutanoic acid CF3(CF2)2COOH PFCA 4

PFHxA Perfluorohexanoic acid CF3(CF2)4COOH PFCA 6

PFOA Perfluorooctanoic acid CF3(CF2)6COOH PFCA 8

PFBS Potassium nonafluorobutanesulfonate CF3(CF2)3KO3S PFSA 4

PFHxS Potassium perfluorohexanesulfonate CF3(CF2)5KO3S PFSA 6

PFOS Potassium perfluorooctanesulfonate CF3(CF2)7KO3S PFSA 8

Note: PFBA, PFHxA, and PFOA are categorized as perfluoroalkyl carboxylic acid (PFCA), whereas PFBS,

PFHxS, and PFOS are perfluoroalkyl sulfonic acid (PFSA). The number of carbons in each chemical is

listed for reference.
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dark/12 h light cycles at 22 ± 1�C and were provided food and water

ad libitum. Animal handling and procedures were approved by the

UIUC Institutional Animal Care and Use Committee and the University

of Missouri Animal Care and Use Committee.

2.3 | Mouse oocyte in vitro maturation

Female mice (4–6 weeks old) were euthanized and dissected for ovary

collection. The ovaries were washed in pre-warmed M2 media, which

contained 100 μM IBMX, before the isolation of cumulus-oocyte-

complexes (COCs). This was accomplished by using sterile syringe nee-

dles to break down the antral ovarian follicles. Cumulus cells then were

removed through repeated pipetting. Viable denuded oocytes were col-

lected in pre-warmed M2 media with 100 μM IBMX. During the oocyte

collection process, IBMX arrests oocytes at prophase I by inhibiting ade-

nylate cyclase and elevating cAMP levels to hinder meiotic resumption.28

Oocytes were washed in and transferred to pre-warmed M16 media

covered by mineral oil. The oocytes were incubated at 37�C in a 5% CO2

incubator and examined at 2 and 14 h—the stages at which oocytes typi-

cally reach GVBD and already extruded the PB, respectively.

2.4 | Chemical treatment

Each PFAS (PFOA, PFHxA, PFBA, PFOS, PFHxS, and PFBS) was dis-

solved in DMSO and diluted to a final concentration of 600 μM in

M16 media because PFOA and PFOS have been proven to compro-

mise mouse oocyte in vitro maturation at this concentration.18,19 The

same amount of DMSO was also added into M16 media as a vehicle

control. The amount of DMSO did not exceed 0.1% in all cases.

2.5 | Calculating the size ratio between the first PB
and the oocyte

After 14 h culture at 37�C in a 5% CO2 incubator, oocytes were

imaged under a Nikon A1R confocal microscope. The cross-section

areas of both first PB and the oocyte were measured using either

NIS-Elements software or Fiji software,29 and the area ratio between

them was calculated to detect abnormal oocyte division.

2.6 | Measurement of mitochondrial membrane
potential (MMP)

MMP was measured by using positively charged tetramethylrhodamine,

methyl ester (TMRM) as a probe. Briefly, oocytes were incubated at 37�C

in a 5% CO2 incubator for 8 h before being washed with M2 medium

2–3 times to remove PFAS chemicals in the treatment groups. Next, the

oocytes were incubated in M2 media containing 25 nM TMRM at 37�C

for 30 min in the dark. The stained oocytes were washed 2–3 times in

M2 media to remove extra TMRM. The orange signal from the polarized

mitochondria was immediately examined under an Olympus IX73 micro-

scope with a consistent parameter setting. The red signal intensity of the

ROI (region of interest) was quantified using Fiji software.

2.7 | Measurement of intracellular reactive oxygen
species (ROS) levels

20 ,70-Dichlorofluorescin diacetate (DCFH-DA), a fluorescent probe

sensitive to oxidation, was used to measure the intracellular ROS level

in oocytes. Treated and untreated oocytes were cultured for 8 h at

37�C in a 5% CO2 incubator. PFAS chemicals were removed by wash-

ing oocytes in M2 media 2–3 times. Next, oocytes were transferred

to M2 media with 5 μM DCFH-DA for another 30 min incubation.

Additional DCFH-DA was washed off with fresh M2 media. The green

signal was captured under an Olympus IX73 microscope with the

same imaging parameters for control and all the experimental groups;

the intensity of signals from the ROI was analysed using Fiji software.

2.8 | Immunocytochemistry and fluorescence
microscopy

Oocytes were fixed for 20 min in 1� phosphate buffer saline (PBS) with

3.7% paraformaldehyde (MilliporeSigma P6148) at room temperature.

Fixed oocytes were permeabilized in PBS with 0.1% Triton X-100 for

20 min at room temperature, followed by a 20-min incubation in block-

ing solution (0.3% BSA and 0.01% Tween-20 dissolved in PBS). Primary

antibody incubation was performed at room temperature for 1 h.

Oocytes were then washed three times (7 min each) in blocking solution.

To detect F-actin and the meiotic spindle, Texas Red X Phalloidin (1:50,

ThermoFisher Scientific T7471) and anti-rabbit α-tubulin monoclonal

antibody Alexa® 488 conjugate (1:100, Cell Signaling, 5063 S) were used,

respectively. Oocytes were mounted on slides using VECTASHIELD with

40 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Invitrogen

2,116,137). Fluorescence signals were detected under a 100� immersion

oil objective using Leica TCS SP8 diode confocal microscope. Z-plane

images were captured to span the entire oocyte at 2 μm Z-intervals.

2.9 | Time-lapse confocal microscopy

Germinal vesicle oocytes were cultured in pre-warmed and equili-

brated maturation medium and imaged over time under a 40� immer-

sion oil objective using a Leica TCS SP8 confocal microscope

equipped with a microenvironmental chamber to regulate the temper-

ature and CO2 at 37�C and 5% in humidified air. SiR-tubulin

(Cytoskeleton NC0958386) was added to the maturation medium to

label microtubules.30,31 Bright-field and 647 nm wavelength images

acquisition were started at 1.5 h after collection (30–45 min collection

time), in which the oocytes were at the GVBD stage. Time-lapse

images were taken every 30 min. Z-plane images were captured to

span the entire oocyte at 7 μm Z-intervals.
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2.10 | Parthenogenesis

Metaphase II oocytes (in vitro matured with DMSO, PFHxS or PFOS)

were activated to produce parthenogenetic embryos, which were cul-

tured in Ca2+/Mg2+-free CZB maturation medium supplemented with

10 mM of Strontium Chloride (SrCl2; Sigma 255521) and 5 μg/ml of

cytochalasin D (Sigma C2743) for 3 h. The oocytes were then washed,

transferred, and incubated in kalium simplex optimized medium (KSOM)

supplemented with 5 μg/ml of cytochalasin D for an additional 3 h. The

oocytes were then washed and cultured in KSOM for 48 h before asses-

sing parthenote cleavage using a Leica DMi8 microscope.

2.11 | Statistical analysis

All experiments were repeated at least three times. The data were

presented as mean ± SEM. One way analysis of variance (ANOVA)

was used to compare means between multiple groups, followed by

Tukey post hoc procedure. Unpaired two-tailed t-tests were used to

compare means between two groups. All analysis was done using R

(version 4.0.3, Vienna, Austria). Graphs were made using OriginPro

2020 (Northampton, MA, USA). Comparisons were considered signifi-

cant at *p < 0.05, **p < 0.01, and ***p < 0.001.

3 | RESULTS

3.1 | PFAS with a long carbon chain impede mouse
oocyte maturation

The reproductive toxicity of PFAS chemicals correlate with their

concentrations19–21 (Figure 1). However, how the structure of PFAS

chemicals influences their toxicity is unknown. To determine the

effect of carbon-chain length on the toxicity of PFAS, comparisons of

GVBD rate, PBE rate, and relative PB size (size ratio) were conducted

among PFCA and PFSA groups. We found the toxicity of PFSA is posi-

tively correlated with the carbon-chain length. Specifically, GVBD and

PBE rates were normal in the PFBS- and PFHxS-treated oocytes.

However, as the carbon-chain length increased to eight, PFOS treat-

ment resulted in a lower GVBD rate (32.84 ± 7.21% vs. 76.03

± 1.11% in the control, p < 0.001, Figure 1B,C) and a lower PBE rate

(24.93 ± 8.14%, compared to 73.84 ± 1.78% in the control, p < 0.001,

Figure 1B,D). Interestingly, we noticed that although PFHxS-treated

oocytes had normal GVBD and PBE rates, like PFOS, some oocytes

extruded a large PB (Figure 1B), a phenotype that has been qualita-

tively described in previous PFAS studies.17,19,32 Therefore, we calcu-

lated the average size ratio between the first PB and its oocyte for

each treatment, as described in Section 2.5. We found the average

size ratio was 0.14 in the control. In contrast, the ratios were 0.31 in

600 μM PFHxS group and 0.52 in the PFOS group, respectively

(p < 0.001, Figure 1B,E). Together, these results suggest a positive

relationship between the toxicity of PFAS and the carbon-chain

length.

3.2 | PFSA has higher and unique toxicity effects
on mouse oocyte maturation compared to PFCA

Although the carbon backbones of PFAS are usually very stable due

to their strong carbon-fluorine bond,33 the functional groups, such as

carboxylate and sulfonate, may have a greater influence on the toxic-

ity of PFAS chemicals. To examine the relative toxicity of PFSA to its

corresponding PFCA with the same carbon chain length (Figure S2),

we rearranged our data in Section 3.1 to compare PFAS with the same

carbon length but different functional groups (carboxylate

vs. sulfonate). Compared to 600 μM PFOA treatment, 600 μM PFOS-

treated oocytes had a significantly lower GVBD rate (32.84 ± 7.21%

vs. 74.16 ± 5.41% in the 600 μM PFOA treatment group, p < 0.01,

Figure 2A left) and PBE rate (24.93 ± 8.14% vs. 66.50 ± 4.98% in the

600 μM PFOA treatment group, p < 0.001, Figure 2A right). In addi-

tion, the treatments of both 600 μM PFHxS and PFOS induced larger

PBs; while the treatments of 600 μM PFHxA and PFOA could not

induce larger PBs (0.31 ± 0.03 in the PFHxS group vs. 0.17 ± 0.03 in

the PFHxA group, and 0.53 ± 0.05 in the PFOS group vs. 0.17 ± 0.01

in the PFOA group, both with p < 0.001, Figure 2B). Based on our

finding, we concluded that PFSA has a higher reproductive toxicity

than PFCA with the same carbon-chain length.

Next, due to the abovementioned difference, we asked whether

PFSA and PFCA can disrupt oocyte maturation in different ways. We

increased the concentration of PFOA to 1000 μM to induce abnor-

mality. We found at this concentration, the GVBD and PBE rates

decreased to 55 ± 4% and 31 ± 4%, but unlike PFHxS- and PFOS-

treated groups, the size ratio remained within a normal range

(Figure 2D). This finding indicates that the large PB is a unique pheno-

type that is associated with PFSA, but not PFCA. To further study the

specific toxic effects of PFSA, we selected 600 μM PFHxS- and

PFOS- treatment groups to check the mitochondrial function and

cytoskeleton structures in mouse oocytes.

3.3 | PFHxS and PFOS elevate the level of reactive
oxygen species (ROS)

For all cells that undergo aerobic respiration, redox homeostasis is

maintained between the ROS generation and scavenging.34 Various

PFAS chemicals have been reported to break the redox balance in

mouse oocytes, including PFNA,20 PFOS,19 and PFOA.21 Excess ROS

induces oxidative stress, leading to DNA damage, protein malfunction,

and lipid chain breakage.35 To determine if PFHxS can induce oxida-

tive stress in oocytes and to confirm previous results for PFOS,19 we

used DCFH-DA as a probe to detect intracellular H2O2 and oxidative

stress.36 After passively diffusing into the oocytes, DCFH-DA is

cleaved by esterase to form DCFH, which can be oxidized to DCF and

emit green fluorescence signal.37 We found PFHxS and PFOS ele-

vated the intracellular ROS level in a carbon-chain-length-dependent

manner (Figure 3A). Our quantitative analysis (Figure 3B) confirmed

this observation: the relative fluorescent intensities were 3.09 ± 0.16

in the PFHxS-treated oocytes (vs. 2.37 ± 0.16 in control, p < 0.05) and
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4.19 ± 0.22 in the PFOS-treated oocytes (p < 0.001 vs. control and

PFHxS-treated oocytes).

3.4 | PFHxS and PFOS induce mitochondrial
depolarization

A positive loop exists between mitochondrion-derived ROS accumula-

tion and mitochondrial depolarization,38 an event that is universally

associated with apoptosis and cell death.39 To quantify the mitochon-

drial membrane potential change after PFHxS and PFOS exposure,

TMRM, a small cationic lipophilic fluorescent indicator,40 was used to

bind negatively charged mitochondrial membrane.41 Our results show

that the red signal of TMRM was dimmer in PFHxS and PFOS treat-

ment groups, again, depending on the carbon-chain lengths

(Figure 3C). Statistically, the red signal intensity is 3.14 ± 0.09 in con-

trol, while it is 2.81 ± 0.10 in the PFHxS-treatment group (p < 0.05

vs. control) and 2.12 ± 0.06 in the PFOS-treatment group (p < 0.001

vs. control and PFHxS group). Therefore, we concluded that 600 μM

PFHxS and PFOS cause mitochondrial depolarization. Mitochondrial

depolarization is regarded as a sign of early apoptosis. Using time

lapse confocal microscopy, we observed nearly 30% of PFOS-treated

oocytes (600 μM) underwent oocyte blebbing which could be a sign

of an apoptotic event (Figure S3 PFOS). Interestingly, we frequently

observed the fusion of the PB/cytoplasmic blebbing and the oocyte

(Figure S3) indicating cytokinesis failure.

3.5 | PFHxS and PFOS cause chromosome
misalignment and abnormal assembly of spindle and
F-actin

Abnormal first PB morphology, including fragmented and enlarged PB,

is associated with poor outcomes of in vitro fertilization (IVF).42–44

Therefore, the morphology of the first PB is used as a prognostic fac-

tor regarding egg quality in IVF clinics.42,43 The position of the spindle

F IGURE 1 PFSA impedes mouse oocyte maturation in a carbon-chain-length-dependent manner. (A) Scheme of mouse oocyte in vitro

maturation process. We examined GVBD at 2 h and PBE at 14 h. The bottom-right image illustrates an extrusion of an abnormal large
PB. (B) Representative images show GVBD and PBE of four treatment groups (untreated, 600 μM PFBS, 600 μM PFHxS, and 600 μM PFOS). The
red arrows indicate oocytes that retained their germinal vesicles after 2 hours of culture. The yellow asterisks indicate oocytes that did not
extrude a PB after 14 hours of culture. Orange arrows highlight oocytes with large PBs. Scale bar: 100 μm. (C) The rates of GVBD in the control
and PFSA-treated groups. (D) The rates of PBE in the control and PFSA-treated groups. A total of 136 oocytes in the control group, 116 oocytes
in the PFBS-treated group, 179 oocytes in the PFHxS-treated group, and 188 oocytes in the PFOS-treated group were analyzed to calculate the
GVBD and PBE rates. (E) The size ratios of PBs to oocytes in the control and PFSA-treated groups. A total of 49 oocytes in the control group,
57 oocytes in the PFBS-treated group, 63 oocytes in the PFHxS-treated group, and 40 oocytes in the PFOS-treated group were measured to
calculate the size ratios. Data in bar chart were presented as mean ± SEM. All groups had at least three independent groups. ***p < 0.001,
compared with control. Groups with different letters in the box plot have significant differences.
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F IGURE 3 PFHxS and PFOS (600 μM) increased ROS level and reduced mitochondria membrane potential (MMP). (A) Intracellular reactive
oxygen species (ROS) levels indicated by the intensity of green DCF fluorescence signal. (B) Quantitative analysis of the ROS levels in the control,
PFHxS- and PFOS-treated groups. A total of 41 oocytes in the control, 44 oocytes in the PFHxS-treated group, and 38 oocytes in the PFOS-
treated group were measured under the same camera setting. (C) MMP indicated by red TMRM intensity levels. (D) Quantitative analysis of the
MMP in different treatment groups. A total of 42 oocytes in the control, 45 oocytes in the PFHxS-treated group, and 49 oocytes in the PFOS-
treated group were measured. Groups with different letters in (B) and (D) are significantly different (p < 0.05). Scale bar: 100 μm.

F IGURE 2 PFSA are more toxic than the PFCA with the same carbon-chain length. (A) The rates of GVBD and PBE in the PFOA- and PFOS-
treated groups. The PFOA-treated group consists of 144 oocytes, and the PFOS-treated group consists of 118 oocytes. (B) The size ratios of PBs
to oocytes in the PFHxA-, PFHxS-, PFOA-, and PFOS-treated groups. A total of 56 oocytes are in the PFHxA-treated group, 63 oocytes are in the
PFHxS-treated group, 63 oocytes are in the PFOA-treated group, and 40 oocytes are in the PFOS-treated group. (C) Representative images
showed PBE in the control and the 1000 μM PFOA-treated groups. Scale bar: 100 μm. (D) Comparison of GVBD, PBE, and size ratio between the
control and 1000 μM PFOA groups. A total of 221 oocytes in the control and 346 oocytes in the 1000 μM PFOA-treated group were analyzed
for GVBD and PBE rate. Forty oocytes in the control and 25 oocytes in the 1000 μM PFOA-treated group were analyzed for calculating size ratio.
Data were presented as mean ± SEM. All groups had at least three independent groups. **p < 0.01, ***p < 0.001, n.s.: no significance.
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within the cell determines the cleavage plane. Therefore, during

oocyte meiosis I, the centrally located spindle migrates towards the

cortex, a necessary process to extrude a tiny PB. This mechanism

ensures that the egg retains virtually all RNAs and proteins (synthe-

sized during oogenesis) necessary for fertilization and early embryo

development. Active spindle migration towards the cortex is driven by

dynamic F-actin. Thus, F-actin inhibition or stabilization prevents spin-

dle migration towards the cortex and leads to cytokinesis failure.45–48

Since our observation indicated that PFSA, but not PFCA, resulted in

the extrusion of enlarged PB with frequent oocyte blebbing

(Figure 2B), we hypothesized that PFSA perturbs cytoskeleton organi-

zation within the oocyte. To this end, we did cytological staining of

DNA/chromosome, microtubules (to label the spindle), and F-actin in

oocytes from control, 600 μM PFHxS-, and 600 μM PFOS-treated

groups. We found aberrant F-actin enrichment in the cytoplasm and

around the spindle regions in the PFHxS and PFOS treatment groups

(Figure 4A,B), which could hinder the migration of spindle to the

oocyte cortex. In addition, the F-actin cage surrounding the spindle

(Figure 4A, yellow arrow) was lost in the PFHxS- and PFOS-treated

oocytes. To examine the possibility of spindle migration failure in the

PFAS-treated oocytes, we employed time-lapse confocal microscopy

to track the spindle in live oocytes (Figure 5). We observed partial

spindle movement in PFHxS (30%) and PFOS-treated (22.22%)

oocytes compared to control oocytes (4.76%). Importantly, we

observed a significant increase in spindle migration failure in PFHxS

(20%) and PFOS-treated oocytes (77.78%) when compared to

untreated control oocytes (0%). Interestingly, we also found that spin-

dle length-to-width ratio (Figure 4C) and spindle-length-to-oocyte-

diameter ratio (Figure 4D) significantly increase in PFHxS- and PFOS-

treated oocytes when compared to untreated controls. This spindle

elongation potentially overcomes spindle migration failure. In addition,

the chromosome misalignment rate was also increased dramatically as

indicated by increased metaphase-plate width after PFHxS and PFOS

exposure (Figure 4E).

3.6 | PFHxS and PFOS compromise the
developmental competence of oocytes

Parthenogenic activation was used to evaluate the developmental

potential of matured oocytes.49 Considering the mitochondria- and

cytoskeleton- related problems we discussed above, we examined the

developmental competence of PFHxS- and PFOS-treated oocytes fol-

lowing parthenogenetic activation. We found that cleavage rates of

parthenogenetically activated PFHxS- and PFOS-treated oocytes

were significantly lower (70.4% and 62.2%, respectively, p < 0.05)

than that of control oocytes (92.2%, Figure 6). These results indicate

that PFHxS and PFOS not only hinder the nuclear maturation of the

oocyte, but also compromise its potential to develop into embryos.

4 | DISCUSSION

As persistent organic chemicals, PFAS have been detected ubiqui-

tously, even in the liver samples from polar bears in Alaska.50 In

humans, epidemiological studies show that human exposure to PFAS

F IGURE 4 PFHxS and PFOS (600 μM) exposure causes misaligned chromosomes, elongated spindles, and disrupt F-actin organization.
(A) Representative images of oocyte cytoskeleton structures in the control, 600 μM PFHxS-, and 600 μM PFOS-treated groups. Blue:
DNA/chromosome; green: microtubules (the spindle); white: F-actin. (B) F-actin intensity around the spindle regions, control: n = 21; PFHxS:
n = 40; PFOS: n = 20. (C) Spindle length-to-width ratio. (D) Spindle-length-to-oocyte-diameter ratio. (E) Relative metaphase plate width. A total
of 20 oocytes in the control, 35 oocytes in the PFHxS group, and 16 oocytes in the PFOS group were measured for (C), (D), and (E). Groups with
different letters in the graphs (B–E) are significantly different (p < 0.05). Scale bar: 20 μm.
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F IGURE 5 600 μM PFHxS and PFOS hindered peripheral spindle migration. Z-projection of time-lapse confocal imaging of oocytes cultured
in the DMSO (control), 600 μM PFHxS-, and 600 μM PFOS-treated groups with SiR-tubulin (to label the spindle, magenta). Time-lapse imaging
started at germinal vesicle breakdown (GVBD). White arrows indicate the movement of spindle. Table on the right summarizes the number of

oocytes in each group that completely moved to the cortex region; partially moved to the cortex region; and had no movement. Scale bar: 20 μm.

F IGURE 6 600 μM PFHxS and PFOS compromised the developmental potential of metaphase II oocytes. (A) Representative images of non-
cleaved and cleaved parthenotes. (B) The percentage of cleaved parthenotes in each group. A total of 81 metaphase II oocytes in the control,
66 metaphase II oocytes in the PFHxS group, and 69 metaphase II oocytes in the PFOS group were parthenogenetically activated. Groups with
different letters are significantly different (p < 0.05). Scale bar: 20 μm.
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either prenatally or postnatally is related to reproductive defects in

both males and females.51–53 Previous studies mostly focused on the

toxicity of individual long-chain PFAS, such as PFOA and PFOS. Short

chain PFAS such as PFBA were often neglected due to their relatively

low bioaccumulation effect.54 In this study, using a mouse oocyte

in vitro maturation system, we demonstrated that the toxicity of PFAS

increases with the elongated carbon chain and the inclusion of a sulfo-

nate group. Taking advantage of time-lapse confocal microscopy and

immunocytochemistry, we also found aberrant cytoskeleton structure

organization in PFAS-treated oocytes.

In terms of the carbon-chain-length effect, consistent with our

finding, in other cell types including human colon carcinoma

(HCT116)55 and human hepatocarcinoma (HepG2),56 the cytotoxicity

of PFAS was positively correlated with the carbon-chain length when

the length is smaller than 10. However, a weaker toxic effect was

observed when the chain length further increased. We speculated

that such a reversed-U-shape toxic effect derived from two aspects of

PFAS’ characteristics. On one hand, PFAS are amphiphilic substances

that can disturb cell membrane structures.57 Short-chain PFAS are less

lipophilic than long-chain PFAS.58 Therefore, the “detergent effect”
and bioaccumulation effect are less pronounced for short-chain PFAS

than long-chain PFAS, which limit their toxicity. On the other hand,

the capacity of PFAS to bind some receptors such as human PPARα

ligand-binding domain will be reduced if the molecular size is too

large,59 restricting the toxicity of long-chain PFAS. Due to these two

reasons, PFAS with middle length (around 10) are most toxic

(Graphical Abstract). In the current study, we found an increasing tox-

icity for PFSA with carbon-chain length from 4 to 8 (solid curve in

Graphical Abstract). However, whether the reversed-U-shape toxic

effect exists in oocytes needs further investigation.

We also observed that PFSA toxicity is higher than that of PFCA,

which is the case for other cell types including Sertoli cells.60 The

higher cytotoxicity of PFSA is probably due to several reasons. First,

the lipophilicity (octanol–water partition coefficient, KOW) of PFCA

and PFSA are both very high, implying their ability to cross the cell

membranes is limited by their transfer at a membrane/water interface

(sorption affinity to artificial phospholipid membranes, KMW),58 which

is higher in PFSA.61 To prove this, a novel method needs to be devel-

oped to precisely detect the amount of PFAS inside a single oocyte.

Next, based on our observation under a time-lapse confocal micros-

copy: symmetrical oocyte division only occurred in the PFSA-treated

groups. This indicates that PFSA hinders spindle migration. Further-

more, a sulfonate buffer can induce tubulin polymerization,62 leading

to abnormal spindle morphology (Figure 5). In addition, both PFCA

and PFSA have negatively charged heads and have the potential to

bind to positively charged proteins like histone through electrostatic

attraction. This effect is stronger for PFSA due to their lower pKa

values (pKa of PFSA <<0) than PFCA (pKa of PFCA < 4).63 Taken

together, we concluded that PFSA are more toxic than PFCA with the

same carbon-chain length.

We selected 600 μM PFHxS and PFOS to study their toxic mech-

anisms. First, we observed mitochondrial dysfunction including an

increased intracellular ROS level and diminishing MMP in PFHxS- and

PFOS-treated oocytes, which have been reported for other types of

PFAS like PFNA and PFOA, both in vivo19–21 and in vitro.64 For PFOS

exposure, Wei et al. also measured the expression of antioxidant

enzyme levels inside oocytes. They found decreased expression of

glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) but

dramatically increased expression of catalase (CAT)19 in response to

PFOS compared to control. PFHxS and PFOS can inhibit several cyto-

chrome P450 enzyme (CYP) activities.65 This may explain the elevated

ROS level observed in response to the chemicals in our study. We

propose that PFHxS and PFOS can cause the uncoupling of the enzy-

matic cycle and excess ROS release (for more explanation, readers are

referred to Veith and Moorthy66). Similar pathways have been

reported to induce oxidative stress like polychlorinated biphenyl

(PCB).67,68 Excess ROS can cause many problems in oocytes, espe-

cially after GVBD, including DNA damage17,20 and early apoptosis

(Figure S3). Another mitochondria-related problem is the decreased

MMP level. MMP is important for ATP production69 and oocyte matu-

ration. The decreased MMP (depolarization) after PFHxS and PFOS

exposure implies damage to the mitochondrial structure. As surfac-

tants, PFHxS and PFOS can disturb the mitochondrial membrane

structures, increasing proton leakage of mitochondrial inner mem-

brane.70,71 Such pathogenic proton leakage causes more protons to

bypass ATP synthase, producing heat instead of ATP and decreasing

MMP.72 Some caspase activators including cytochrome c, hsp 10, and

hsp 60 can also be released through damaged mitochondrial

membrane,73,74 which can activate executionary caspases leading to

early apoptosis.

Spindle assembly and migration are also important for successful

oocyte maturation and fertilization. In normally developed metaphase

I oocytes, microtubules build up barrel-shaped spindles that facilitate

chromosome alignment at the metaphase plate. Under the forces of

F-actin, the spindles migrate from the cell center to a sub-cortical

location to allow an asymmetric division.75 However, we found many

oocytes in PFOS-treated oocytes underwent symmetric division,

instead. Our data showed significant increases of F-actin fluorescent

intensity around the spindle region after PFSA treatment, together

with the loss of key F-actin structures like spindle-associated actin

cage. In mouse oocytes, perturbing F-actin dynamic prevents spindle

migration towards the cortex. Indeed, treating mouse oocytes with

jasplakinolide, a cyclo-depsipeptide actin stabilizer76 or F-actin inhibi-

tors prevented spindle migration during meiosis I.45,48 Therefore,

these aberrant actin filaments could block the migration of the spindle

leading to large PB extrusion in PFSA-treated oocytes.19 Another

unique phenotype we observed in the PFSA treatment groups was

elongated spindles. This could be explained by the fact that sulfonate

buffers can induce the polymerization of tubulin to enlarge spindles.61

However, Verlhac et al. proposed that the elongated spindle could be

a compensation for oocytes with unmigrated spindles to extrude a

normal-sized PB.77 For example, they found in mos�/� oocytes which

lack mitogen-activated protein (MAP) kinase activity,78,79

non-migrating spindles elongate so that one pole can be closer to the

cortex while the other pole remained near the oocyte center.77 There-

fore, some of the mos�/� oocytes still can extrude their first PBs of
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normal sizes, which is also the case for PFHxS- and PFOS-treated

oocytes. However, even though some of the PFHxS- and PFOS-

treated oocytes can still reach metaphase II stage, their potential to be

fertilized and to develop to embryos is compromised (Figure 6).

In summary, from a female reproduction perspective, we demon-

strated that PFAS with a longer chain and a sulfonate group are more

toxic and revealed their toxic mechanisms. From an environmental

health perspective, short chain PFAS may be less toxic than long chain

PFAS according to our results. However, the health concerns regard-

ing their endocrine-disrupting effects still need more research.80
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